Extensive magmatic activity followed major plate convergence and Eocene continent-arc collision in northwest Anatolia, Turkey. This produced a considerable volume of eruptive products, as well as a large proportion of plutonic bodies along the suture zone. The main plutonic bodies in northwest Anatolia are exposed in the Armutlu, Kapidag, and Lapseki peninsulas where they form an E-W trending magmatic belt that comprises three individual intrusive suites. The plutonic bodies intrude Paleozoic-Mesozoic metamorphic basement rocks overthrust by Upper Cretaceous-Tertiary ophiolite fragments. Petrographic and geochemical characteristics of these three plutons are remarkably similar, indicating that the magmas that formed each of them were generated from the same source and experienced similar petrogenetic processes. The plutons are generally calc-alkaline, metaluminus, and I-type, and range in composition from hornblende-monzogranite and granite to granodiorite. The rocks are characterized by enrichment in LILE and LREE and depletion in HFSE relative to N-MORB values (e.g., negative Nb and Ta anomalies). They follow assimilation and fractional crystallization (AFC) trends indicative of extensive crustal contamination of magma derived from a mantle source that had been modified by earlier metasomatic events. The chemical characteristics of the plutonic rocks are remarkably similar to those of subduction-related or active continental margin granites. Subduction-related dehydration metasomatism may therefore be inferred as the likely process that modified the mantle wedge source region from which the initial melts were generated. Late orogenic delamination of either the subducting slab or the lowermost part of the mantle lithosphere (e.g., the thermal boundary layer) and concomitant rise of hot mantle asthenosphere appears to be a suitable explanation of the heat that triggered partial melting within the metasomatized part of the mantle lithosphere after subduction waned.
Introduction
SUBDUCTION OF OCEANIC lithosphere is usually considered to result in closure of oceanic basins, leading to collision and accretion of continental blocks, and the emplacement of abundant granite magmas along the resulting suture zones (e.g., Harris et al., 1986) . Collisional tectonic settings are generally characterized by a number of distinct deformation patterns including: (1) a subduction period marked by subduction magmatism and high-pressure/low-temperature metamorphism; (2) an early stage of compressional deformation, resulting in thrusting, folding, lithospheric thickening, and syn-collisional magmatism; and (3) a late stage of post-collision deformation marked by extension, transtension, transpression tectonics, and postcollision magmatism.
Magmatism in collision settings may occur with variable delays, from few million years to 50 Ma, with respect to the pressure peak of regional metamorphism. The resulting plutonism may be a consequence of various mechanisms, including crustal thickening, strike-slip movement related to continental escape, and late-stage lithospheric thinning either by localized extension and lithospheric stretching or by orogenic collapse (or lithospheric delamination). In this context, magma can be generated by: (1) mantle and crustal melting by partial subduction of continental crust; (2) pressure-release melting of mantle by localized lithospheric extension; and (3) mantle or crustal melting by internal heat generated by mantle-derived magma injections or asthenospheric upwelling resulting from lithospheric thinning.
Collision-related granites have been suggested to form extensively both during the early syn-collisional phase of crustal shortening and stacking and during a later post-collisional phase of uplift, extension, and strike-slip faulting (Pitcher, 1983; Pearce et al., 1984; Harris et al., 1986; Sylvester, 1989) . Although the relationships between the types of collision, the characteristics of the tectonic setting, and the nature of the melts produced are not well constrained, each of these two different phases of a collision event is suggested to result in formation of two broadly distinct granitic magma types respectively: (1) strongly peraluminus granites; and (2) potassium-rich, calc-alkaline or I-type granites. Observations suggest that a distinction between the two may be that the former is generally a result of decompression melting of overthickened crust (>50 km) heated conductively by the in-situ decay of K, U, and Th, whereas the later is related to both mantle melting and mantle-derived heating of normally thickened crust (<50 km) possibly following a lithospheric delamination (Harmon et al., 1984; Sylvester, 1989) .
Northwest Anatolia comprises several allochthonous continental blocks, derived from Gondwanaland. These blocks eventually amalgamated to form the Anatolide-Tauride block during the Mesozoic, with amalgamation processes playing a key role in the evolution of northwest Anatolia. Being one of the major geological discontinuities in the region, the Izmir-Ankara suture zone extends over 1000 km, representing the scar of the Tethyan oceanic realm between Laurasia and Gondwana, and is marked, in some parts of the suture zone, by an intense highpressure/low-temperature blueschist-facies metamorphism (Harris et al., 1994; Sherlock et al., 1999; Okay, 2002) .
Here, we present examples of Middle Eocene to Early Oligocene (48.2 to 34.3 Ma) amphibole-and biotite-bearing plutonic rocks emplaced as batholiths shortly after the main stage of the Eocene collision event that took place in northwest Anatolia. We particularly focus in modeling and interpretation of major-and trace-element data from three individual plutonic bodies, with a special emphasis on: (1) the magmatic evolution of the collision zone; (2) the relationship between the composition of the magmas and regional tectonic patterns; and (3) the compositional variations of the magma source in time and space.
Geological Setting and the Distribution of Plutons

Tectonic setting
Much of the geological and tectonic history of northwest Anatolia reflects Tethyan evolution, and is characterized by accreted continental blocks resulting from a series of collision events during the Late Mesozoic to Eocene. Turkey is suggested to have been situated on the northernmost part of Gondwanaland during the Permian (ªengör and Yilmaz, 1981) . After the Middle Triassic, the northern margin of Gondwanaland began to rift away from the main continent to form a fragment known as the Cimmerian continent, opening a southern branch of the ocean known as Neo-tethys. Further rifting and fragmentation of the Cimmerian continent itself also took place during the Early Jurassic to form the northern branch of Neo-tethys and the AnatolideTauride platform between the two branches of Neotethys (ªengör and Yilmaz, 1981; ªengör et al., 1984) . During the Middle Jurassic, the Cimmerian continent collided with Eurasia, causing regional uplift and terminal closure of the Paleo-tethys ocean. This was followed by north-dipping subduction from the Late Cretaceous (Turonian) to the Paleocene, which formed the Pontide volcanic arc and led to the closure of Neo-tethys. As a result of these subduction and accretion processes, a massive ophiolite (and accretionary complex) was emplaced onto the passive margin of Anatolide-Tauride platform, which caused these deeply buried passive margin sequences to have deformed and undergone high-pressure/low-temperature metamorphism under the load of thrust ophiolites.
The north-dipping subduction and the closure of Neo-tethys ended when the Anatolide-Tauride platform collided with the Pontide volcanic arc along the Izmir-Ankara suture zone. The timing of this collision is not well constrained, becaue, for instance, the timing of obduction of Neo-tethyan ophiolites onto the Anatolian passive margin is not certain. However, the associated ophiolite melange, inferred to represent the final stage of cold thrusting of the ophiolite, has been reported to contain CampanianMaastrichtian sedimentary rocks, suggesting latest Cretaceous emplacement onto the passive margin (e.g., Önen and Hall, 2000) . Intense high-pressure/ low-temperature blueschist assemblages that are inferred to represent subducted and subsequently exhumed passive continental margin sequences have been also reported to form an E-W-trending metamorphic belt immediately south of the main Neo-tethys suture in northwest Anatolia (e.g., Okay, 2002;  Fig. 1 ). These metamorphic assemblages have been dated at 80 ± 5 Ma using phengite Rb-Sr and blueshist Ar-Ar analyses (Sherlock et al., 1999) . Furthermore, the youngest arc magmatism along the Pontide zone has been proposed as earlier than Middle Eocene (e.g., ªengör and Yilmaz, 1981) , and this may indicate the end of subduction and hence the time of collision. This collision caused largescale intra-crustal deformation and thickening, together with the burial of the Menderes metamorphic Massif beneath the Lycian nappe piles.
Following the complete closure of northern Neotethys and subsequent lithospheric thickening events, the tectonic regime across northwest Anatolia became predominantly extensional during much of the Miocene. The causes of this ongoing extension are still debated, but the mechanisms that may contribute include: (1) counterclockwise rotation of the Anatolian plate; (2) subduction beneath the Aegean and Anatolian plates along the Hellenic trench; and (3) gravitational collapse and spreading of thickened and unstable lithosphere following continental collision (e.g. Aldanmaz et al., 2000, and references therein) .
Granitoid plutons of ages ranging from the Late Cretaceous to Early Miocene have been reported to have occurred widely across northwest Anatolia; all of these plutonic bodies have been interpreted as emplaced in an active continental margin environment associated with the northward movement and subduction of the African plate (e.g., Delaloye and Bingöl, 2000) . Recent geological and geochronological studies, however, indicate that, although an extensive pre-Early Eocene plutonism developed during the active subduction period, the emplacement of Middle Eocene to Early Oligocene granitoids along the NW Anatolian collision zone took place adjacent to the former Laurasian continental margin following terminal closure of northern Neotethys (Harris et al., 1994; Sherlock et al., 1999) .
Field relations and petrography of the plutons
Three separate plutonic bodies, the Armutlu, Kapidag, and Lapseki granitoids intruded basement units of northwest Anatolia. The granitoid plutons crop out over a large area and form an approximately E-W-trending magmatic belt north of the IzmirAnkara suture (Fig. 1) . The plutons can be assigned to the I-type category because they contain hornblende, titanite, allanite, and Al-poor biotite, but lack primary muscovite, cordierite, garnet, and monazite. Published radiometric data (K-Ar) reveal a significant overlap of emplacement time among the three plutons: emplacement ages vary from 48.2 ± 1.0 to 34.3 ± 0.9 Ma for the Armutlu pluton, 42.2 ± 0.1 to 36.1 ± 0.8 Ma for the Kapidag pluton, and 45.3 ± 0.9 Ma for the Lapseki pluton (Delaloye and Bingöl, 2000) .
The granitoids, as is the case for many I-type plutons worldwide, display large compositional heterogeneities that are most probably the result of multiple intrusions of compositionally distinct magma pulses as well as magma mixing processes accompanied by fractional crystallization. Some parts of the plutons consist of compositionally different units or occurrences of microgranular mafic enclaves that may be interpreted in terms of interaction of compositionally different magmas during pluton emplacement. Enclaves from the Kapidag pluton have diameters up to one meter and are characterized by fine-grained rims and acicular hornblende and apatite grains as well as thin platy biotite crystals. Such quench textures suggest rapid cooling in a colder granite host magma.
Modes in terms of main rock-forming minerals of quartz-alkali feldspar-plagioclase are plotted in Figure 2A . The rock types forming the granitoid plutons are dominantly hornblende-monzogranite, granite, and granodiorite in composition. The rocks are petrographically similar to one another; they are predominantly medium to coarse-grained, displaying weakly porphyritic texture. The major rock- Maitre (1989) . Main trends of plutonic rock series (grey arrows) are from Lameyre and Bonin (1991) . Legend: A = strongly alkaline; B = mildly alkaline; C = monzonitic; D = calc-alkaline. B. Molar norm compositions in Q' vs. ANOR diagram of Streckeisen and Le Maitre (1979) . Q = Q/(Q + Or + Ab + An) 100; ANOR = An/(Or + An) 100. Abbreviations: algr = alkaline granite; sgr = syenogranite; mzgr = monzogranite; gd = granodiorite; tnl = tonalite; q-mz = quartz monzonite; q-mzd = quartz monzodiorite.
forming mineral assemblage of the suite is plagioclase (oligoclase-andesine), alkali feldspar (orthoclase-microcline), quartz, amphibole (hornblende) and biotite. Zircon, apatite, sphene, magnetite, allanite, and rare titanite are accessory phases.
Plagioclase occurs as normally zoned euhedral grains, but cores of some crystals are sericitized to varying degrees. Alkali feldspar exhibits a microperthitic to perthitic texture in the subsolvus highsilica varieties, showing no twins and normally wrapped around euhedral plagioclase grains. Quartz occurs as anhedral crystals with irregular, distorted boundaries, and normally occupies the interstices between feldspars. Some grains display undulatory extinction under crossed polars. Hornblende is dark to pale green in color and, in some samples, locally underwent partial alteration to epidote and chlorite. Biotite occurs as dark brown or greenish yellowish minute flakes scattered throughout the rocks. It is usually chloritized or broken down to titanite, epidote, opaques and quartz and contains zircon crystals as inclusions. Toward the edge of the plutons, fine-grained monzonitic and granitic rock types are abundant in all three suites. The dominant textures of these parts of the plutons are micro-granular porphyritic to granophyric. All three plutons have extensively been cut by late aplite, aplogranite, and pegmatite dikes and quartz veins that are interpreted to represent co-magmatic, highly fractionated, late-stage leucocratic melts injected into structurally higher levels of the solidifying plutons.
Metamorphic assemblages of Armutlu and Pamukova metamorphic units, which consist chiefly of metamorphosed basaltic and clastic rock types, mainly represent the country rocks surrounding the Armutlu pluton. Basement lithologies into which the Kapidag and Lapseki plutons were emplaced, however, are represented by serpentinized harzburgites known as the Denizgören ophiolite and by the Permo-Triassic Karakaya subduction-accretionary complex (e.g., Okay, 1989) . This complex is composed mainly of basalts, recrystallized limestone, volcanics, and volcaniclastic debris flows, intercalated basalt-chert-sandstones, sheared phyllites, and clastic rocks containing limestone blocks. These rock assemblages have been deformed extensively under conditions of greenschist-facies metamorphism. Contact metamorphism leading to the formation of hornblende-hornfels and pyroxenehornfels facies rocks has been identified around all three plutons. Garnet, diopsite, epidote, tremolite, actinolite, wollastonite, and chlorite are the main minerals formed along the contact between the granitic plutons and the basement lithologies as a result of the thermal metamorphism.
Radiometric data and field relationships of the plutons indicate that all three plutons were intruded after the main Eocene collision event that took place in northwest Anatolia as a consequence of the closure of the northern Neo-Tethys ocean (Delaloye and Bingöl, 2000; Köprübaºi et al., 2000) .
Depth of intrusions
Using mineral chemistry, we attempted to provide quantitative information regarding pressures of mineral crystallization and hence the depth of magma reservoir. For the purpose of estimating depth of crystallization for intrusive suites, a number of empirical formulations of the Al-in hornblende barometer have been produced, but these are mainly based on pressures determined in adjacent aureole rocks (e.g., Hammarstrom and Zen, 1986) . For the case of northwest Anatolian plutonic suites, the lack of thermal aureoles in the country rocks and of suitable mineral pairs makes such an assessment of emplacement pressures difficult. However, some of the granitoid samples from these plutons contain the critical mineral assemblage hornblende + biotite + plagioclase + alkali feldspar + quartz + titanite + titanomagnetite + apatite that (along with melt) is required for application of the Al-in-hornblende barometer calibrated by Schmidt (1992) . For our pressure estimates, we used rim compositions of hornblende grains in contact with quartz and alkalifeldspar. Cation calculations were based on 23 oxygens and a cation number of 13, excluding Ca, Na and K. Estimated pressure values tend to decrease from intermediate to more felsic granitoids with decreasing intrusion ages (Table 1) . Whereas the average pressure of about 5.8 ± 0.6 kbar, deduced from intrusion of final crystallization of the Kapidag pluton corresponds to depth of about 22 km, the Armutlu and Lapseki plutons solidified at significantly shallower depths of about 10 km under a pressure of 2.7 ± 0.6 kbar.
Chemical Characteristics of the Plutons
Analytical techniques
Samples were taken from the freshest outcrops available at each locality for geochemical analyses. Rock powders were prepared by removing altered surfaces and enclaves, crushing and then grinding in an agate ball mill. Major-and selected trace-element abundances for a total of 44 samples from the Armutlu, Kapidag, and Lapseki granitoid plutons were measured. All samples were analyzed at the ACME analytical laboratories at Vancouver. Rock powders were first fused to ensure dissolution and then dissolved in hot HF and HNO 3 to prepare the solutions from which the major-and trace-element abundances were determined using ICP-AES and ICP-MS, respectively. Loss on ignition (LOI) was determined by heating a separate aliquot of rock powder. Major-and trace-element data are given in Table 2 .
Amphibole analyses were performed using a Cameca CAMEBAX electron microprobe at the University of Edinburgh (UK), with operating conditions of 15 kV accelerating voltage, 10-12 nA beam current, and 10 s counting time per element. Natural mineral standards were used. Representative amphibole analyses from the three individual plutons are presented in Table 1 .
Major elements
Representative analyses from 44 rock samples of amphibole-biotite granites from three individual plutons are given in Table 2 . All samples were carefully chosen to avoid the effects of weathering. The three plutons show broadly similar compositions in terms of major-element variations. SiO 2 and K 2 O contents are particularly high for granites. The samples exhibit a range of SiO 2 content from approximately 63.4 to 71.4 for the Kapidag, 70.5 to 75.6 for the Armutlu, and 73.2 to 75.9 for the Lapseki plutons (Table 2) . Molar norm compositions shown in a Q' vs. ANOR diagram indicate that the granitoids form a continuous suite from monzogranites and granites to granodiorites (Fig. 2B) .
The boundary between alkaline and subalkaline series differs according to author. Here, the TAS diagram of Le Maitre (1989) was chosen among recent schemes, inasmuch as it provides a classification in alkaline and calk-alkaline fields (Fig. 3A) . The dividing line between alkaline and non-alkaline series from Irvine and Baragar (1971) and Miyashiro (1978) have also been plotted for comparison. Almost all of the monzogranites, granites, and granodiorites from northwest Anatolia plot in the calcalkaline field. This diagram also suggests that rocks of all three suites belong to the same, continuous magmatic series. The potassic character of the rocks is displayed in Figure 3B . Using the K 2 O vs SiO 2 nomenclature of Rickwood (1989) , the granitoids are classified as medium-K calc-alkaline rocks with transition to both high-K calc-alkaline to shoshonitic suites as relative potassium contents increase from granodiorites to the granites and monzogranites.
The aluminum saturation index [A/CNK; molecular Al 2 O 3 /(CaO+K 2 O+Na 2 O)] increases with increasing SiO 2 from about 0.88 to 1.19. With regard to the alumina saturation index, most of the studied monzogranites, granites, and granodiorites are metaluminus, with only a few samples plotting in the peraluminus field (average A/CNK = 0.96 for the granodiorites of Kapidag pluton and = 1.00 for the granite and monzogranites of Armutlu and Lapseki plutons, Fig. 4 ). Normative corundum in the peraluminus rocks, however, never exceeds 1%. There is no significant gap between the compositionally different rock types from the individual plutons, suggesting that the rock series are cogenetic.
Harker diagrams of selected major elements plotted against SiO 2 variations demonstrate that the samples from the all three plutons plot on a common differentiation trend, forming continuous bulk-rock chemical variation (Fig. 5 ). TiO 2 , Al 2 O 3 , CaO, and Fe 2 O 3 abundances vary within a wide range, and all decrease with increasing SiO 2 contents of the rocks. The less siliceous Kapidag samples tend to have the highest values of TiO 2 , Al 2 O 3 , CaO, and Fe 2 O 3 , consistent with the less differentiated nature of these rocks compared to those from the Armutlu and Lapseki plutons. The near-linear variations of major elements with silica can be explained either by fractional crystallization from a common parent melt, or by mixing of melts from two (or more) discrete composional sources (e.g. mantle-and crust-derived melts), or both. Figure 6A illustrates that Al 2 O 3 /TiO 2 ratios of northwest Anatolian post-collisional granites tend to increase as CaO/Na 2 O ratios decrease. The array of granite analyses plotted in Al 2 O 3 /TiO 2 -CaO/Na 2 O space forms a trend that can be defined by mixing of two end-member compositions. Individual intrusions within the mixing line could be related to one another by fractional crystallization, but this would be an unlikely explanation for the overall trend. The net effect of precipitating oligoclase (An 20 ), K-feldspar (Or 90 ), biotite and ilmenite, a likely assemblage, from granite magmas with high CaO/Na 2 O ratios (>0.3) would be to increase both CaO/Na 2 O and Al 2 O 3 /TiO 2 ratios in the derivative liquids, oblique to the observed trend (Fig. 6A) . Table continues Trace elements
Harker plots in Figure 5 show that the concentrations of most incompatible trace elements (e.g., Ba, Sr, Y) decrease with increasing silica from intermediate to felsic compositions, and the ratios of incompatible trace elements exhibit a large range of variation, which partly originate from fractionation processes. However, some features are probably primary, e.g. Rb/Sr ratios of the Kapidag samples are low (< 0.2), similar to values typical for basaltic compositions from subduction or active continental margin settings (Fig. 6B) . Rb, Y, Nb, Th, Ta, Zr and Yb relationships in most of the granitoid rocks also indicate that these intermediate and felsic rocks are similar to equivalent igneous rocks in many other active margin settings. High Th/Yb (>5) ratios correlated to high values for La/Yb show the analogies of these intrusive suites to continental arc (or active continent margin) intermediate to felsic magmas.
Trace-element contents are presented in MORBnormalized diagrams, or spidergrams (Figs. 7A-7B) , with the normalization factors of values of Sun and McDonough (1989) . The REE contents are also shown in chondrite-normalized diagrams (Figs. 7C-7D) , with the normalization factors of Boynton (1984) . The profiles shown cover the whole compositional range of each suite in an attempt to illustrate the overall trends and characteristics of the leastand most-differentiated members. MORB-normalized element patterns for the granitoids all show an overall enrichment in largeion lithophile elements (LILE; Rb, Ba, Th, U, K) compared to normalization values and prominent negative anomalies for high-field-strength elements (HFSE; Ti, Hf, Zr, Nb and Ta). The Nb and other HFSE negative anomalies, although partly ascribed to crustal contamination, are characteristic of subduction-related magmas, and are thought to result from the relative enrichment of mantle source by the influx of LILE from the dehydrating slab (e.g., McCulloch and Gamble, 1991) .
The prominent negative P anomalies may indicate the influence of apatite and/or hornblende in the fractionating assemblages of granite magmas. Almost all the granite and monzogranite samples show enrichment in the most incompatible elements (e.g., Rb, Ba, and Th) with respect to the LREE, and a fairly regular decrease of the enrichment factor with increasing compatibility of the elements. The spidergrams also display strong Nb, Ta and Ti anomalies for the most fractionated rocks. The REE diagrams display decreasing fractionation from La to Lu.
The REE patterns of all analyzed samples from the three suites are characterized by fractionation between light and heavy REE. The Kapidag samples exhibit highly fractionated REE patterns ([La N /Yb N = 11.8-16.0]) with moderately fractionated HREE segments, and have slight or no negative Eu anomalies (Eu/Eu* = 0.96-0.83; Eu* is taken here as extrapolated Eu calculated using the normalized concentrations of Eu, Sm, and Gd). The Armutlu and Lapseki samples, on the other hand, are characterized by variably fractionated and flatter REE patterns and have more pronounced negative Eu Irvine and Baragar (1971) and Miyashiro (1978) are these authors' boundaries distinguishing alkalic and subalkalic rocks. B. K 2 O vs. SiO 2 diagram; separating lines are from Rickwood (1989). anomalies (Eu/Eu* = 0.71-0.34). The chondritenormalized REE patterns for these rocks (Figs. 7C-7D) show relatively lower [La/Yb] N ratios (6.7-14.8), moderate to high Eu anomalies, high REE contents (65 to 131 ppm), and lower LREE abundances (La = 13 to 31 ppm) compared to Kapidag samples. The Pb and La contents are typical of subduction-related or subduction-modified mantlederived magmas (e.g., Aldanmaz et al., 2000) . Most of the samples are characterized by concave-upward REE profiles resulting from depletion of the middle REE (Gd to Er) relative to the other HREE. This characteristic is ascribed to the fractionation of hornblende, which is the major constituent for the MREE.
Trace elements can also be used to define the probable tectonic setting of granitic rocks. In the Nb vs. Y diagram of Pearce et al. (1984) , all the granitoid rocks plot into either the volcanic arc (VAG) or syn-collisional (syn-COLG) field (Fig. 8A) . Differentiation between VAG and syn-COLG fields is achieved in the Ta vs. Yb and Rb vs. Y+Nb diagrams of Pearce et al. (1984) and Pearce (1996) , respectively (Figs. 8B-8C ). In these diagrams, highsilica granites with SiO 2 > 66% plot near the boundary between collision granites and volcanic-arc granites, but mostly occupy the field of volcanic-arc granites. Plots in Rb vs. Y+Nb diagram further reveal a post-collisional character for almost all of the granodiorites from the Kapidag pluton and most of the granites from both the Armutlu and Lapseki plutons. However, such results should be regarded with extreme caution, inasmuch as the discrimination of granite tectonic settings using trace-element concentrations or ratios can be ambiguous and often misleading, as, particularly in the case of post-collision granites, trace-element characteristics are strongly dependent on protolith compositions and are largely affected by progressive differentiation (e.g., Roberts and Clemens, 1993; Pearce, 1996; Förster et al., 1997) .
Petrogenetic Considerations Fractional crystallization
For most elements, the northwest Anatolian granitoid suites as a whole form well-defined Harker trends that may be interpreted to have resulted from fractional crystallization of major and minor phases during evolution of the suites (Fig. 5) . In particular, the high-silica granites form coherent fractionation trends in element variation diagrams such as Sr, Ba and Y vs. SiO 2 , suggesting that the observed systematic variations from granodiorites via monzogranites to granites can readily be explained by increasing fractionation of plagioclase and K-feldspar, accompanied by amphibole, biotite, and accessory phases, such as titanite, apatite, zircon, and allanite ( Fig. 5 ; Table 2 ). Such a fractionation trend is also suggested by the variation in modal compositions that define magmatic differentiation from granodiorite through monzogranite to granite (Fig. 2) . The REE variations (Figs. 7C-7D ) also develop concave-upward patterns, most probably resulting from separation of amphibole from the granitic melts as one of the main crystallizing phases.
More specifically, increases in Rollinson (1993) . Abbreviations: amp = amphibole; plg = plagioclase; K-feld = K-feldspar; bio = biotite; cpx = clinopyroxene; opx = orthopyroxene; gt = garnet. and P 2 O 5 contents shown in the Armutlu and Lapseki granitoid suites are consistent with their evolution through fractional crystallization processes ( Fig. 5; Table 2 ). Strong depletion in Ba and Sr concentrations with increasing silica in rocks of these two suites are associated with negative Eu anomalies (Eu/Eu* = 0.77-0.34), indicating evolution by fractional crystallization of plagioclase and alkali feldspar either in magma chambers or during magma ascent. Fractionation of these major phases is also consistent with negative correlations of CaO and Al 2 O 3 with SiO 2 (Fig. 5) . In contrast, fractionation of plagioclase does not seem to have played an important role in the genesis of the Kapidag pluton, as indicated by small or no negative anomalies of Eu, Ba, Sr, and also the lack of negative correlation between Sr and SiO 2 (Fig. 5) . Such characteristics indicate that compositional varieties in these relatively low-silica granodiorites are not all related by simple fractional crystallization. Mantle-derived melt is represented by composition of average basaltic rocks from northwest Anatolia (Aldanmaz et al., 2000) and the crustal melt is taken as the 850 o C, 10 kbar crust-derived (experimental) melt of Patiño Douce and Johnston (1991) . Vectors for fractional crystallization of plagioclase (oligoclase, An 20 ), K-feldspar (kspar), biotite (bio), and ilmenite (ilm) are also shown. The inset diagram shows the variations of CaO/Na 2 O with changing silica contents of the rocks. B. Rb/Ba versus Rb/Sr ratios for post-collisional granitoids from NW Anatolia. The data mostly define a mixing curve between mantle-derived basalt and crust-derived felsic melts. End-member compositions for mafic and felsic melt are the same as in Figure 6A . The inset diagram shows the variations of Rb/Sr with changing silica contents of the rocks.
Decreases in TiO 2 and P 2 O 5 with increasing SiO 2 for the three plutons can be readily explained by fractionation of titano-magnetite and apatite, respectively (Fig. 5, Table 2 ). The fractionation of accessory phases such as zircon, allanite, and titanite can account for depletion in zirconium and yttrium. Negative correlation between yttrium and SiO 2 , and depletion in yttrium in all three suites can best be explained by fractionation of hornblende, which has significantly high values of partition coefficient for yttrium in granitic melts ( Y Kd amph/melt = 6.0; Pearce and Norry, 1979) . The samples from the all three suites also display moderate concaveupward REE patterns and relative depletion of MREE with respect to HREE, consistent with fractionation of hornblende (Figs. 7C-7D ). The abrupt decrease in Ba in high-silica granites may have been caused by biotite fractionation at the final stage of the magmatic process. These high-silica granites also have very high Fe 2 O 3 /MgO ratios ( Table 2 ), indicating that their parental magmas experienced extensive magmatic differentiation (e.g., Whalen et al., 1987) .
Evidence for magma mixing
Petrographic and textural characterisitcs of the rocks show that magma mixing played an important role in the genesis of northwest Anatolian granitoid plutons. These include existence of both mafic and felsic enclaves of varying sizes, shapes, and compositions, as well as common textural evidence that can be attributed to interaction of mafic and silicic magmas, i.e., quartz ocelli, acicular and mixed apatite morphologies, inclusion zones in feldspars, complex zoning in plagioclase, and mafic rims around some of the mineral grains.
During formation of the Kapidag pluton in particular, although undoubtedly some fractional crystallization occurred to modify the composition of melts, features such as the lack of pronounced Eu anomalies and the absence of correlation of Sr, Ba, and Rb with SiO 2 suggest that fractional crystallization was not the most important compositional modification process and that chemical variations may have been largely blurred by accumulation and mixing of melts. For these rocks, the most important process in generating much of the geochemical variation appears to be a consequence of variation in partial melting and degree of relative mixing between mafic and felsic melts. Major-element variations also show a continuous trend between different rock groups from the individual plutons. This common feature may be interpreted to have resulted from mixing of magmas formed by partial melting of mafic sources.
Major-and trace-element systematics in postcollisional granitoids of northwest Anatolia are consistent with the addition of variable proportion of crustal melts to more mafic, probably mantlederived magmas. An important factor that may affect the element distribution of granitic melts is exchange of elements between the mafic melts and crustal contaminants during melting. Such effects can best be observed in the variations of major oxide ratios such as CaO/Na 2 O and Al 2 O 3 /TiO 2 between mantle-derived mafic melts and crustal protoliths. In the case of granitic melt generation from crustal sources of sedimentary origin, for instance, the CaO/ Na 2 O ratio of the melt is likely to be significantly lower (<0.2) than melts produced by melting of mafic compositions because the anorthite component of plagioclase in most crustal lithologies is quite low. However, derivation of granitic compositions from either crustal melts or more mafic mantle melts and subsequent fractionation of likely mineral assemblages will create similar trends that are characterized by an increase of the CaO/Na 2 O ratio with increasing silica content of the melt. Observed trends of differentiation for the relatively high-silica (SiO 2 >70%) granitic rocks of northwest Anatolia cannot therefore possibly be explained by fractional crystallization (Fig. 6A) . A similar conclusion is reached when we also consider the variation in the Al 2 O 3 /TiO 2 ratio. Fractional crystallization and removal of a likely assemblage including sodic plagioclase (An 20 ), K-feldspar (Or 90 ), amphibole, biotite, and ilmenite (or titano-magnetite) from granitic melt would be expected to increase both CaO/ Na 2 O and Al 2 O 3 /TiO 2 ratios in the derivative liquids, which is opposite the trend observed in Figure 6A .
A similar effect can also be observed in the variations of trace element systematics of the rocks. Unlike many other trace elements, whose interpretation in granitic systems may be complicated by the presence of minor mineral phases, most of the Rb, Sr, and Ba in granitic systems is contained in micas and feldspars (e.g., Harris and Inger, 1992) . In Figure 6B , the plots of Rb/Sr vs. Rb/Ba are shown to facilitate the effects of variation in crustal contamination of a mantle-derived basaltic magma. The data from northwest Anatolian granitic rocks form a linear array of increasing Rb/Sr with Rb/Ba. The rocks of the Kapidag pluton with CaO/Na 2 O ratios greater than 0.5 tend to have lower ratios of both Rb/ FIG. 7. A-B . N-MORB-normalized multi-element patterns for the post-collision granitoids from northwest Anatolia. N-MORB normalizing values are from Sun and McDonough (1989) . Samples from the Armutlu and Lapseki plutons are plotted in separate diagrams, but the Kapidag samples are plotted in both diagrams for comparison. C-D. Chondritenormalized REE patterns for the post-collisional granitoids from northwest Anatolia. Chondrite normalizing values are from Boynton (1984) .
Sr and Rb/Ba than do those from the Armutlu and Lapseki plutons, which are characterized by lower CaO/Na 2 O ratios. Such a distinction is difficult to explain solely by variations in the fractionation assemblages of these plutons, because more pronounced effects of plagioclase (and alkali feldspar) fractionation and removal of sodic feldspar from the melt, as is shown in Figure 6A , would be expected to increase the CaO/Na 2 O ratio of the melt; this is inconsistent with the general trend of differentiation toward higher silica compositions. This linear trend can best be explained in terms of variable proportions of mixing between mantle-derived basaltic melt and crust-derived felsic melts. In terms of RbSr-Ba, progressive addition of average crustal compositions to an average basalt composition will increase both the Rb/Sr and Rb/Ba ratios of the resulting melts to levels typical of most low-CaO/ Na 2 O granites from the Armutlu and Lapseki plutons. The reason for this is that both the Rb/Sr and Rb/Ba ratios of the crustal rocks are much higher than those of mantle-derived basaltic melts. The model calculations show that the addition of less than 15% crustal contaminant to the basaltic melt would be sufficient to produce the composition with the lowest Rb/Sr and Rb/Ba ratio (i.e., the least fractionated Kapidag sample).
The effect of adding crustal material to a more mafic magma can also be observed in variation of the Eu/Eu* ratio. The presence of negative Eu anomalies should generally result from plagioclase fractionation. The reason for this is that Eu (present in the divalent state) is compatible with plagioclase (in silicic and intermediate compositions in particular; Eu Kd plg/melt = 2.1-5.5; Rollinson, 1993) , in contrast to the trivalent REE which are incompatible. Alternatively, mixing of mafic magmas with components formed by crustal melting with a plagioclaserich residue can similarly create a negative Eu anomaly. For the I-type granitoids of northwest Anatolia, these alternatives are illustrated in Figure 9A where the calculated Eu negative anomalies are plotted against silica content of the rocks. It is notable that the Eu anomalies for most of the samples are related to increase in silica contents. The theoretically calculated, plagioclase fractionation-dominated AFC line and the bulk mixing line between a mafic (with ~48 wt% SiO 2 ; Eu/Eu* = 1) and felsic components follow similar trends and do not provide a definitive answer to whether they reflect plagioclase fractionation or crustal contamination. However, the postulated Eu anomalies in these plots correlate negatively with the assimilation-sensitive ratio of Th/U, implying that plagioclase fractionation cannot be the sole explanation for the apparent Eu Pearce et al. (1984) ; Rb versus Y+Nb fields are from Pearce (1996) . The shaded area denotes compositions of post-collision granitoids. Abbreviations: VPG = within-plate granite; VAG = volcanic-arc granite; syn-COLG = syn-collisional granite; ORG = ocean-ridge granite.
depletions, and that crustal components have modified the granitic magmas to some extent (shown as inset diagram in Fig. 9A ).
A comparable model can also be constructed using the plots of assimilation-sensitive ratios of Th/ La. Figure 9B shows variations in the ratios of Th/La versus SiO 2 throughout the northwest Anatolian suites, along with theoretical AFC trends calculated for a number of r values (the ratios of the rate of assimilation to fractional crystallization). In these plots, variation in crystallization phases has only a slight effect on calculated AFC trajectories because the bulk distribution coefficients for both Th and La are only slightly affected by variations in the   FIG. 9 . A. Plot of Eu/Eu* (Eu anomalies) against silica showing the possible effects of plagioclase fractionation or contamination from plagioclase-fractionated crustal material. The mixing line is for simple mixing between a non-fractionated basaltic melt (with ~48% SiO 2 ) and the most felsic granitic composition from the northwest Anatolian suite. Thick marks on the line are percentage of the most mafic member used in the modeled mixture. AFC line is representative for r (the ratio of the rate of assimilation to fractional crystallization) = 0.4 and is drawn for a mineral assemblage of plagioclase 60 + kfeldspar 20 + amphibole 20 . The inset diagram shows the variation of Eu/Eu* with changes in the assimilation-sensitive ratio of Th/U. B. Modeling of the assimilation and fractional crystallization (AFC) process based on the equations of DePaolo (1981) and using the assimilation-sensitive ratio of Th/La for the granitoids from northwest Anatolia. Selected source and contaminant end-member compositions represent the average enriched mantle-derived basaltic melts from northwest Anatolia and average crustal composition of western Anatolia, respectively (Aldanmaz et al., 2000) . The F value denotes the ratio of magma mass to original magma mass.
fractionating assemblages. The ratio of Th/La, when monitored with increase in silica content, highlights the effects (and degree) of crustal contamination of a magma derived from a component that is more mafic than the contaminant. The rocks from the Kapidag pluton plot mostly along AFC trajectories drawn for r = 0.2 and 0.3. The Armutlu and Lapseki plutons, on the other hand, generally lie between trajectories drawn for r = 0.4 and r = 0.6 and, confirming the interpretation from both the major-and trace-element data, reflect more pronounced effects of crustal contamination (or mixing) for these highly fractionated granitic rocks.
Constraints on parental magmas and potential sources
Petrogenetic models for the origin of I-type felsic to intermediate magmas in orogenic or post-orogenic settings can be considered in two broad categories. In the first, the felsic to intermediate magma is usually interpreted to result from the interaction of mafic basaltic (possibly mantle-derived) parent magmas with the continental crust, either through assimilation and fractional crystallization (AFC) (e.g., Grove and Donelly-Nolan, 1986; Bacon and Druitt, 1998; Hildreth and Moorbath, 1988) or through magma mixing and mingling, whereas the second model predicts that the role of basaltic magma is only to provide heat for the partial melting of crustal rocks (e.g., Roberts and Clemens, 1993; Guffanti et al., 1996) and suggests that relatively high-silica magmas may be generated by dehydration melting of lower crustal components and subsequent restite crystal fractionation (Collins et al., 1982; Holtz and Johannes, 1991; Chappell and White, 1992; Rapela and Pankhurst, 1996) .
Information regarding the nature of the parent melts forming the granitic magmas can be obtained from the least-differentiated samples in the granitoid suites. The least-evolved granitic rocks from the northwest Anatolian suites (e.g., the less siliceous Kapidag samples) have high abundances of Ba and Sr, and their REE patterns are characterized by concave-upward patterns and by a lack of significant Eu anomalies (Fig. 9A) . These features are consistent with a plagioclase (and garnet)-poor, but amphibolerich residual assemblage in the source rocks.
Partial melts produced during dehydration melting experiments are characterized by distinct geochemical signatures that may help distinguish between compositionally different protoliths. Abundant experimental evidence, for instance, shows that dehydration melting of metabasaltic compositions can produce granitic magmas that might evolve by AFC processes toward more felsic compositions (e.g. Wyllie, 1984) . The chemical compositional trends of the granitoids from northwest Anatolia, at first glance, seem to be broadly consistent with an origin by dehydration melting of K-rich metabasaltic sources (e.g., high Al 2 O 3 /MgO+FeO ratios). However, similar experiments also show that dehydration melting from metabasaltic sources should produce melt that is strongly peraluminus (e.g., Patino Douce and McCarthy, 1998) . Therefore, the predominantly metaluminous nature of the studied granitoids should preclude a direct origin from the melting of a strongly peraluminous crustal protolith. Roberts and Clemens (1993) also suggested that, because of low K 2 O contents, metabasaltic rocks are unsuitable sources for high-K, I-type granitoids. Furthermore, partial melts from metabasaltic sources are generally characterized by high contents of Na 2 O (>4 wt%) and low values of MgO, regardless of the degree of partial melting (e.g., Rapp and Watson, 1995) . Such characteristics are not, in general, shown by the northwest Anatolian granitoids; rather the common characteristics of the granitoids requires derivation from a metaluminous protolith such as the mantle or other igneous sources (volcanic or plutonic) that would not have undergone alteration, inasmuch as hydrothermal or meteoric alteration would increase the A/CNK ratio significantly.
The studied granitoids are characterized by fairly high contents in Rb, Ba, Th, REE, Zr, and Y and moderate contents of Sr and Nb. In the normalized diagrams, the granodiorites and the monzogranites display subparallel trends with slight differences pointing at only slightly different protoliths and/or melting rates. Major-element data indicate that sources must have been less siliceous and more mafic than the most primitive samples. This suggests mafic compositions as a possible source. The temperature required to melt such sources must be high, in agreement with the high Zr contents (>150 ppm) of the less differentiated granodiorites. Zr decreases with increasing SiO 2 in the granites due to zircon crystallization in most of the samples.
Other evidence suggesting that the primary liquid source for the granitic suites is most likely a metaluminous protolith is their high-K contents and high Fe/Mg ratios, even in the least evolved compositions. The high-K character of these rocks does not seem to result from fractional crystallization, and could be explained by partial melting, under reducing conditions, of a source already having a medium to high Fe/Mg ratio. Such an interpretation seems to be inconsistent with an origin from partial melting of restites which should have low Fe/Mg ratios.
Furthermore, the granitoid samples are all enriched in incompatible trace elements (LILE, HFSE) but show negative Nb (and Ta) anomalies on normalized plots (Figs. 7A-7B ), a feature that is unlikely to be explained by direct derivation from crustal protoliths. The combined negative Nb-Ta and Zr-Hf anomalies in N-MORB-normalized diagrams and the elevated values of Th/Ta, La/Nb, and Ba/Th most probably could be inherited from the source rock; such an arc-type geochemical signature suggests derivation of these granitoids from subduction-modified mantle.
Alternative petrogenetic models should therefore include: (1) production of calc-alkaline, medium to high-K granite magmas by partial melting of fluidmetasomatized mantle, possibly combined with differentiation (or fractional crystallization); (2) production of magmas from granodiorite to granite by contamination of basaltic melts by silicic crustal rocks by either assimilation and fractional crystallization (AFC), or by melt mixing from partial melting of igneous crustal sources; or (3) mixing of the two magmas derived from mantle and crustal sources (to explain the increasingly potassic character of the initial magmas).
The first option seems unlikely because traceelement and REE characteristics of the granitic rock are inconsistent with derivation from a mafic magma solely by fractional crystallization. Fractional crystallization would have produced separated patterns with different degrees of fractionation. In particular, the production of granitic melts with composition similar to those from the Armutlu and Lapseki plutons is unlikely to be explained simply by fractional crystallization of mantle-derived mafic magmas because the granitoid rocks in these settings are voluminous and none are of basaltic composition (all samples have SiO 2 >70%; Fig. 3) . Furthermore, the rock compositions do not represent a fractionation sequence from basaltic to granitic compositions. Contribution of melts from crustal components should therefore be considered as one of the major processes to form the high-silica granitoid suites of northwest Anatolia. Addition of crustal melts to a more mafic magma is also supported by the fact that, in the K 2 O vs. SiO 2 variations, all three groups of rocks show no differentiation on the compositional boundaries, which indicates that magma mixing occurred (e.g., Harmon et al., 1984) . Fractional crystallization alone would have produced boundaries-parallel trends, regardless of the primary liquids being either felsic or mafic.
Thus, the most viable explanation would be to consider the groups of rocks as a mixture between end members which is also supported by a number of lines of field evidence suggesting mixing and mingling for all three plutons. The granodiorites partly retain the chemical memory of the enriched lithospheric mantle end member from which they were derived. Subsequently, the granodiorites mixed with crustal melts, which constitute the second end member. The subduction-related component of the protolith was probably a suite of magmatic rocks derived from partial melting of an enriched mantle source. This mantle source was enriched before collision, but was partially melted at the post-collision stage only. Later mixing of felsic magmas with those generated by melting of metasomatized mantle, and fractional crystallization of the resultant melts en route to the higher crustal levels could have generated the entire spectrum of granitoid types analyzed.
Therefore, we conclude that a purely crustal origin of the granitic magmas is unlikely for the northwest Anatolian granitoids. Instead, we favor a hybrid nature of the granitic magmas. Trace-element and REE characteristics are those of subduction-related magmas. Such magmas are likely to have formed from the melting of a mantle source metasomatized by fluids and melts released by dehydration or melting of altered oceanic crust during the preceding stage of oceanic subduction. The low Nb content of the least differentiated rocks suggests that the source mantle had a composition close to an average mantle composition before metasomatism. Negative anomalies for Sr, Na, Eu, Ti, and Ca further show that these rocks did not crystallize directly from primary liquids from the source but, on the contrary, were formed from magmas that had already evolved by AFC or mixing of melts from geochemically contrasting sources.
More generally, as evident from solidification depths of individual plutons, hybridization of mantle and crust-derived magmas in lower-crustal magma chambers (e.g. ~20 km) best describes our model to produce aluminous, medium-K and relatively low silica Kapidag granodiorites. Further fractional crystallization of lower silica granitoid magmas can be considered as a viable mechanism to produce the hypersolvus and porphyritic subsolvus high-silica Armutlu and Lapseki granites. Such fractionation that involved separation of mainly plagioclase, Kfeldspar, amphibole, biotite and some accessories (zircon and allanite) may have occurred during magma ascent through the crust, possibly combined with further contamination of the melts by material from middle to upper crust (at ~10 km). The observations outlined above are thus consistent with an origin by contamination of mantle-derived basaltic melt by crustal material, either by assimilation and fractional crystallization (AFC), or by magma mixing at variable depths in crustal magma chambers.
Tectonic Setting: Evidence for Post-Collision Magmas
Geochemical evidence suggests that the northwest Anatolian granitoids were mantle derived and that, although the combined effects of assimilation and fractional crystallization (or magma mixing) have significantly obscured the mantle trace-element signatures, this mantle previously had been enriched in mobile incompatible elements compared to ambient mantle-derived compositions (e.g. N-MORB). The enrichment likely resulted from the transfer of slab-derived fluids (or possibly melts) to the overlying mantle wedge. In addition, trace-element profiles are all consistent with a subductionmodified mantle derivation.
Previous studies regarding the tectonic setting of Late Cretaceous to Late Miocene granitoids of northwest Anatolia have attempted to explain granitic magma generation within the context of subduction or an active continental margin setting (Bingöl et al., 1983; Delaloye and Bingöl, 2000; Koprubasi et al., 2000) . Volcanic arc-related geochemical affinities are also shown here in most of the tectonic discrimination diagrams. However, it is worthwhile to note that the geochemical discrimination diagrams, in general, cannot conclusively distinguish between melts formed during pre-collision (or active margin) and post-collision periods of a subduction event, for which the regional geologic and geodynamic constraints must be considered. The available field, radiometric, and geochemical data used in most of the previous studies of the northwest Anatolian collision system did not allow for a detailed reconstruction of the tectonic setting in the Late CretaceousEocene interval. In particular, poor constraints were available regarding the duration of north-dipping subduction beneath the Pontite volcanic arc and the final closure of the northern Neo-tethys, inasmuch as the timing of obduction of allochthonous units (e.g., ophiolite fragments) onto the Anatolide passive margin is not certain.
However, recent studies have shown that culmination of low-temperature/high-pressure metamorphism in the Tavºanli zone, located immediately south of the main Neo-tethyan suture in northwest Anatolia (Fig. 1) , have taken place during the Late Cretaceous (80 ± 5 Ma; e.g., phengite Rb-Sr and ArAr ages for the blueschists; Sherlock et al., 1999) . The postulated blueschist-facies metamorphism that was inferred to be largely a consequence of subduction of sedimentary lithologies, including the Anatolian passive margin sequences (Okay, 1989) , may provide an upper time limit for emplacement of ophiolite bodies derived from the northern Neotethys realm and, hence, for closure of this ocean. Associated ophiolitic mélanges, inferred to represent the final stage of cold thrusting of the ophiolite (with the metamorphic sole welded to its base), typically contain Campanian-Maastrichtian sedimentary rocks, suggesting latest Cretaceous emplacement onto the passive margin (e.g., Onen and Hall, 2000) . Harris et al. (1994) also used obduction of the ophiolite fragments exposed along the collision zone to propose that the timing of collision in northwest Anatolia was earlier than Middle Eocene and probably after the Turonian (89-50 Ma). Time constraints on the accretionary processes forming the northwest Anatolian collision zone therefore indicate that I-type granitoids of this study were most likely generated in a post-collisional tectonic setting rather than in an active continentalmargin setting.
The problem remains, however, as to the tectonic processes and origin of the heat responsible for the generation of these melts, which formed after subduction had waned. Melt generation in post-collision suites is often attributed to crustal thickening accompanying accretion. Granites of anatectic origin (e.g., strongly peraluminus types) formed extensively in these settings are usually interpreted to result from melting of an overthickened crust and mantle-derived melt products of transition to an extensional regime produced by failure of the thickened lithosphere (e.g., Sonder et al., 1987; Thompson and Connolly, 1995) . However, several geophysical studies have shown that homogeneous thickening of the lithosphere does not heat the crust sufficiently to produce crustal melts and create anatectic granites (e.g. Mareschal, 1994) , unless a certain amount of extension takes place. This has led several researchers to appeal to delamination of either subducting lithosphere or the lower part of the thickened lithosphere (e.g., the thermal boundary layer at the base of the lithosphere) following continental collision (e.g., Houseman et al., 1981) . This process allows hotter asthenospheric mantle to upwell and thus, when juxtaposed against the base of the remaining part of the mantle lithosphere, transfers heat conductively toward this enriched (and possibly wet) part of the lithosphere to produce melts with geochemical signatures resembling those produced in subduction or active continental-margin environments.
Although, in the case of northwest Anatolian suites, such a process alone does not sufficiently explain the almost exclusively high-silica nature of the granitoids and the existence of some mildly peraluminus types, modeling (e.g., Davies and von Blanckenburg, 1995) indicates that if the asthenosphere was able to ascend to depths of 50 km or less, in the wake of lithosphere thinned by either delamination or thermal erosion, melting under dry conditions would have been possible (in the case of metasomatized-and wet-mantle lithosphere, initial melting would likely to start even at much greater depths) and basaltic melts injected into the crust could have led to crustal underplating and significant crustal assimilation combined with fractional crystallization. The resultant magmas would therefore resemble those constituting the northwest Anatolian suites, as well as many other post-collision settings that are characterized by formation of medium-to high-K, I-type, calc-alkaline granitoids with subduction-related trace-element signatures.
Concluding Remarks
Geochemical data indicate that the studied postcollisional granitoids of northwest Anatolia show a progressive succession of rock emplacement from less to more silicic types, forming a magmatic series that is continuous and regular from 63 to 76 wt% SiO 2 . Trace-element characteristics indicate that these rocks are enriched in LILE and LREE relative to HFSE and possess strongly fractionated REE profiles. Major-and trace-element compositions of the least evolved samples are consistent with an origin by melting of a subduction-modified mantle source that had been enriched selectively in mobile incompatible elements.
Geochemical study indicates that the granites are silica rich, metaluminus to mildly peraluminous, and have high contents of alkalis and evident enrichment of light relative to heavy REE, with small to moderate negative Eu anomalies. The negative anomalies of Ba, Nb, P, Eu, and Ti in the normalized diagrams suggest that these granites have undergone advanced fractional crystallization with separation of plagioclase, K-feldspar, amphibole, biotite, and accessory minerals.
Chemical compositions show that the granitoids from northwest Anatolia probably originated from the differentiation of compositionally similar parental magmas by fractional crystallization, combined with assimilation of alumina-rich crustal components. On the basis of chemical data, we suggest a similar petrogenetic scenario for the high-K granitoids and infer an origin of granodiorites by fractional crystallization of mantle-derived mafic magma and simultaneous contamination with crustal melts (AFC) in lower to middle crustal magma chambers. Further hybridization of mantle and crust-derived melts in shallower magma chambers best describes our model to produce higher-silica granites and monzogranites from northwest Anatolia. The data presented here largely support the idea that the granitoids were derived by crustal underplating of mantle-derived magmas from enriched subduction-modified mantle lithosphere, by heating and partial melting of the lower crust, and by mixing of both magma components in conjunction with simultaneous open-system fractional crystallization. Tapping of deep-seated magma chambers (>20 km) during post-collision relaxation may have led to ascent into higher crustal levels (<10 km) and further fractionation (and contamination) into silicic granitoids.
The sampled suites are post-collisional and thus the heat required to melt the mantle lithosphere was not likely derived from an active subduction zone. A model of delamination of either the subducted lithosphere or the lowermost part of the mantle lithosphere (e.g., the thermal boundary layer), followed by upwelling of asthenospheric mantle resulting in melting of the lithospheric mantle is suggested. Such a scenario would help explain the initial melt generation within a thickened lithosphere that later collapsed; significant lithospheric extension was due to a thermal profile created by juxtaposition of hot, upwelling asthenospheric mantle.
The post-collisional period is defined here as the period that followed the major collision and concomitant high-pressure metamorphism. The main characteristics of the post-collisional period are the significant thinning of lithosphere and the rise of the regional geotherm, resulting mainly from thermal perturbation by hot mantle upwelling. This implies that protolithic sources thermally stable during the active margin period were likely to melt during the post-collisional period.
